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(57) ABSTRACT

A method for geo-referencing an area by an imaging optron-
ics system which comprises acquiring M successive images
by a detector, the imaged area being distributed between these
M images, with M=1. It comprises: measuring P distances d,,
d,, . ..,d,between the system and P points of the area, called
range-found points, with P=3, distributed in K of said images
with 1=K<M; acquiring the positioning X, ¥,,, Z,, of the
detector at acquisition of the M images; measuring the atti-
tuded,,, 0,,,1,, of the detector at acquisition of the M images;
acquiring the coordinates in these K images of image points
®1,90)s (P25 Da)s - - - » (Pps qp) corresponding to the P range-
found points; and estimating the parameters of exposure con-
ditions x,, v, Z., ., 0., ¢, corresponding to the M images as
a function of positionings, of attitudes, distances and coordi-
nates of the image points, to correct errors on the parameters
Koo Vs Zogs Wps s P OF €ach of the M images.

6 Claims, 7 Drawing Sheets
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METHOD FOR GEO-REFERENCING AN
IMAGED AREA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International patent
application PCT/EP2010/069697, filed on Dec. 15, 2010,
which claims priority to foreign French patent application
No. FR 0906095, filed on Dec. 16, 2009, the disclosures of
which are incorporated by reference in their entirety.

FIELD OF THE INVENTION

The present invention refers to the geo-referencing of an
area by means of an optronics system, with a decametric
performance class, and more particularly in strongly oblique
exposure conditions.

BACKGROUND

FIG. 1 illustrate the positioning (or geo-locating) errors for
apoint P of an area, induced by measurement uncertainties in
strongly oblique exposure conditions encountered, for
example, in aero-terrestrial applications in which the optron-
ics system is situated close to the ground compared to the
distance to the object (airborne, the ratio of the distance to the
object to flight altitude is in the order of 5>—and even more—
for low-altitude flights or terrestrial applications).

FIG. 1A illustrates a planimetric error €, induced by a
measurement uncertainty €, of the vertical position h of the
optronics system.

The following applies:

ep=¢;/tan O0=(r/h)e;~€,/0

Anerror g;, 0f 20 m for example, for an altitude greater than
that of the object by 20 kft, induces, for the positioning of a
point P situated at 30 km, an error €, of 120 m.

FIG. 1B illustrates an error €, induced by a measurement
uncertainty €, of the bearing by which the point P is seen from
the optronics system, i.e. for an orientation error in the verti-
cal plane of camera optical axis (or COA).

The following applies:

ep=r€g/sin O=r-ey (12+12)V2/h=
2-eg(1+(h/r)2) 2 -eg/h

In the same conditions as in the preceding example, an
error €g of 1 mrd for example, which corresponds to a very
favorable case, induces an error §, on the positioning of the
point P of 150 m.

These errors may be aggregated to ultimately introduce an
error of approximately 270 m for the positioning of the point
P.

Such errors are found nevertheless also in low-altitude
terrestrial optronics systems (helicopters, mini UAVs) which
are fixed, for example, at the top of a vehicle mast or a ship’s
mast. However, most of these systems have to acquire and
characterize the positioning of objects moving at great dis-
tance with decametric efficiency.

The influence of measurement errors on the geo-locating
error of a point P has just been illustrated. Geo-referencing
consists of geo-locating all the points of an imaged area and
not a single point.

To be able to have a geo-referencing of decametric class in
the above mentioned conditions, it is usual practice to use
post-processing operations on the ground generally per-
formed by a specialist operator who realigns the images
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2

acquired by means of geographic references (or landmark by
preferably having world or at least sufficient coverage for the
expressed requirements). However, these landmarks, gener-
ally taken from exposures close to the vertical, are difficult to
pair with the strongly oblique image automatically, and are
subject to the aging of the information.

One of the difficulties is to acquire this performance rap-
idly and at any point of the globe without having to use true
world coverage information, which is difficult to pair with the
image straight away, but not subject to the aging of the infor-
mation.

One solution, implemented in a related field, for establish-
ing digital elevation models, or DEM, consists in performing,
using a in flight laser, a number of beam distance and direc-
tion measurements in favorable acquisition conditions. In
practice, this application is performed with low exposure
constraints making it possible to acquire the information in
conditions which are close to the vertical and with a fairly low
flight altitude so that the orientation errors are not too detri-
mental for direct location performance. The systems used do
not generally offer any associated imaging and, when they do
have it, the two systems are not coupled. The aim of these
airborne laser plotting techniques is solely to use distance
measurements in order to reconstruct DEMs and the coupling
with an image is not provided in the applications encountered
which are all to do with distant acquisition conditions of
strongly oblique aims. Moreover, these approaches favorably
lend themselves to the updating of information produced and
to thereof control the stereo plotting sites which involve pro-
ducing, in ground stations and under the control of an opera-
tor, digital terrain models (DTM) and ortho-images on the
imaged areas.

Another solution commonly used to produce ortho-im-
ages, DTMs, in order to ultimately produce geographic maps
and vector databases (DB), uses aero-triangulation tech-
niques based on acquisitions of optical or radar images, from
aircraft or from satellites.

The sensors on satellites are commonly used to cover large
areas based on image acquisition and position and attitude
measurements; also, this is done on the scale of a territory and
more. The control of the internal consistency of the optical
images, based on the observation of the forms of the objects of
the scene after rectification, is produced by means of a matrix
detector. It is ensured by using the trajectory and/or scanning
techniques, while ensuring an overlapping and a contiguous
reconstruction of the information which can then be oriented
as a whole based on a few landmarks in order to correct the
remaining orientation biases. These spatio-triangulation
techniques are also indicated when the acquisitions are pro-
duced from observation or remote detection satellites.

The aero-triangulation applications correspond to acquisi-
tions with wide measurement bases (a base being the dis-
placement of the detector between two images) and therefore
to a relatively low rate of acquisition (of the order of 0.1 Hz)
compared to strategic applications (some tens of Hz) reaching
an acquiring rate of approximately 10,000 images in 3 min-
utes.

Here again, the images are processed and used in a ground
station under the control of an operator. In his or her work
producing information, he or she also has:

access to external reference data having an already quali-

fied geo-referencing

the facility to identify the objects and the relevant details of

the image and associate them with the reference data in
order to have landmark points in the image in order to
enhance thereof the geo-referencing.
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The enhancing of the geo-referencing of the images by an
operator on the ground constitutes a process that is effective
with regard to the result and, at the same time, restricted with
respect to the implementation time, the need for reference
geographic data, the correlating work and time involved—
even more when the information associated with the image to
be geo-referenced is of lesser quality.

The aero-triangulation works determine the absolute ori-
entation of all the images. This makes it possible, if necessary,
to assemble them as a single image (or block of images) and
to correct the result by means of inputting homologous or/and
landmark points as well as to provide a manual or visual
performance check. The need for an operator in the loop to
control the quality of assembly of the images and of the
geo-referencing of an area covered by a number of images is
unfeasible in the conditions of use of applications notably
requiring a much shorter implementation time, close to real
time.

In addition to this performance problem linked to the expo-
sure conditions (or CDPV), there is the need to have:

a better resolution of the images in order to view details,
that is to say, an enhancement of the resolution with
which the ground distance is represented in the image, or
“GSD” (Ground Sample Distance™), and

a greater coverage on the ground, that is to say, an increase
of'the areas imaged so as to be of use to operations of an
environmental, security, strategic or tactical nature,
without in any way penalizing the range of acquisition of
the information to be geo-referenced.

The coverage of large areas is ensured by displacing the

detector or/and by using larger detectors or/and greater fields.

The coverage of a large area by a satellite means is facili-
tated by its displacement in its orbit and a good relative
quality between the exposure parameters because:

the quality of the positioning relies on measurements and a
permanent control of the trajectography constrained by
the celestial mechanics equations. These allow for a
simple and rigid modeling of its form over time,

the consistency of attitude through the stability of the tra-
jectory and associated control means.

For the terrestrial applications, the displacement of the
detector is not always possible and its size is sometimes
limited with regard to the areas to be acquired. The coverage
of large areas by an aeroterrestrial means is more difficult
since:

in airborne cueing, the trajectory is ensured by a maneu-
vering platform,

in terrestrial cueing, the platform is fixed or has little
mobility.

The use of large detectors, with materials of well-con-
trolled quality, first of all favored the use of array detectors.
However, the difficulty associated with finely knowing the
pointing over time (between the directions of the image cor-
responding to the direction of the array) degrades the internal
consistency of the image (which allows for control of its
geometry) and therefore one of the strong characteristics of
optronics. Moreover, the integration time has to be reduced in
order to be adapted to the scrolling effects linked to the
displacements of the detectors relative to the imaged area.

The possibility of using greater fields to cover large areas
runs counter to the requirement in GSD for a given acquisi-
tion distance range. To remedy this constraint, rapid scan-
ning-based acquisition modes such as frame-step (or step
staring) are used and the number of detectors on one and the
same platform is increased.

For the military applications, large quantities of well-re-
solved images have to be able to be geo-referenced rapidly.
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SUMMARY OF THE INVENTION

The aim of the invention is to overcome these drawbacks of
implementation times, the need for an operator on the ground,
and for external reference data, of insufficient resolution of
the scene in the image, while observing the constraints of
decametric class geo-referencing, and by adapting to the
requirement the surface area on the ground imaged in condi-
tions of strongly oblique exposure and significant acquisition
range.
The geo-referencing method according to the invention is
based on the provision of two types of information that have
strong accuracy and precision:
a number of distance measurements in one and the same
image information item, for which the accuracy is met-
ric,
the angular deviations of orientation between the pixels of
the range-found directions for which the precision is of
the order of the angular size of the pixel (10 prad), relies
on:
the quality with which the image coordinates associated
with the distance measurements can be determined,

the good internal geometrical consistency of the optron-
ics image and the capacity for pairing between images
presenting an overlap that are both less than or of the
order of a pixel.

An algorithmic processing operation computes the condi-
tion parameters of the exposures of each image based on the
preceding information.

Thus, a few accurate distance measurements and precise
angular deviations (using the internal consistency informa-
tion of the optronics images and/or the precision of the inertial
measurements) allow for a better geo-referencing of the area
assuming ground that has little unevenness or by having an
DTM. The quality of the geo-referencing of the imaged area
then benefits globally from the accuracy of the distance mea-
surements and locally from the geometrical consistency
imparted by the relative quality of the optronics angular mea-
surements.

According to the balance sheet of the errors produced, the
consistency regarding the respective quality of the informa-
tion used, which is of the order of a meter for each contribu-
tion (a few pixels of size 10 prad at 30 km for 20 kft of altitude
represents a distance of 1.5 m), will be noted.

More specifically, the subject of the invention is a method
for geo-referencing an area by means of an imaging optronics
system which comprises a step of acquiring M successive
images by means of a detector, the imaged area being distrib-
uted between these M images, with Mz1. It is mainly char-
acterized in that it also comprises the steps:

of measuring P distances d,, d,, . . . d between the system
and P points of the area, called range-found points, with
P=3, these range-found points being distributed in K of
said images with 1=K<M,

of acquiring the positioning X,,,, ¥ ., Z,,, 0f the detector at the
times of acquisition of the M images,

of measuring the attitude ¢,,, 0,,,, {,,, of the detector at the
times of acquisition of the M images,

of'acquiring the coordinates in these K images of the points
called image points (p;, 91)s (P2 da)s - - - s Pps dp)
corresponding to the P range-found points,

and a step of estimating the parameters of exposure condi-
tions X, ¥,, Z,, ¢, 0, P, corresponding to the M images
as a function of positionings, of attitudes, of distances
and of coordinates of the image points, in order to reduce
the errors on the parameters X,,., ¥, Zis Pres Opps War OF
each of the M images.
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This method allows for the geo-locating of an entire
imaged area, not limited to a single point of the scene:

with a decametric class accuracy, notably in strongly

oblique exposure conditions often encountered in the
airborne applications and in the situations where the
detector is located close to the ground, since the perfor-
mance is largely insensitive to the attitude measurement
errors (greatly attenuating the sensitivity of the plani-
metric positioning error linked to the bearing orientation
error and that linked to the rotation error about the
COA),

autonomously, that is to say without the intervention of an

operator and without accessing reference data,

in real time, since the information is typically accessed at

the rate of the range finder (typically 10 Hz) and without
having to implement any post-processing or specific
information enhancement means,
with the most extensive and best resolved coverage of the
scene despite competition between the acquisition range
and the resolution of the ground in the image (Ground
Sampling Distance GSD),

discretely, because it is possible to geo-locate an object
which has not been directly illuminated by the range
finder, which avoids having to perform an active mea-
surement on a sensitive object to be located, and thus
represents an advantage for tactical operations that
require a level of discretion.

According to one embodiment of the invention with M=z3,
the M images of the area are acquired in succession; these
images present areas of overlap two by two and the method
comprises a step of extracting homologous primitives in the
areas of overlap of these M images and a step of mapping the
images two by two on the basis of on these homologous
primitives.

According to a particular implementation of the preceding
embodiment, when P=K, the range-found points are respec-
tively at the center of each of the images.

Preferably, when the optronics system is fixed, the param-
eters describing the positioning (x,, y,, z,) are estimated only
once.

When the optronics system comprises positioning means
and it moves on a known trajectory, the positionings X, y,, 7,
can be estimated on the basis of the successive position mea-
surements and a mode of the trajectory.

When the optronics system accesses (or includes) mea-
surement means indicating its positioning, its speed, its accel-
eration; then its trajectory is modeled in parametric form. The
positionings X,, y,, Z, are then estimated for the positions at
the times corresponding to that of the acquisitions (images
and range findings).

According to a first variant, when there are a number of
range-found points in one and the same image, the distance
measurements are acquired simultaneously for these points.

According to another variant, when there are a number of
range-found points in one and the same image, the distance
measurements are acquired in succession for these points, the
time to acquire each distance being less than the ratio of the
time to acquire this image to the number of these points in the
image.

Also the subject of the invention is a geo-referencing
optronics system which comprises a detector having an opti-
cal axis (COA), means for positioning this detector, means for
measuring the attitude of the detector, a range finder harmo-
nized with the COA of the detector and a processing unit
linked to the abovementioned elements, and capable of
implementing the method when P=K.
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According to one feature of the invention, the range finder
emitting a laser beam is equipped with means for splitting or
deflecting the emitted laser beam, for the analysis of the
signals received in order to determine the time of flight (ToF)
and the orientation of the beam relative to the image by means
of a processing operation suitable for implementing the
method as described.

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention will become
apparent on reading the following detailed description, given
as a nonlimiting example and with reference to the appended
drawings in which:

FIGS. 1A and 1B schematically illustrate the geo-location
errors in oblique exposure conditions,

FIG. 2 schematically represents, for an image, the param-
eters of the exposure conditions and other informationused in
the geo-referencing method according to the invention,

FIG. 3 schematically represents an exemplary image used
in the context of a first embodiment of the invention based on
a single image, with a number of range-found points,

FIG. 4 schematically illustrates the mode of operation of a
range finder equipped with deflection means,

FIG. 5 schematically illustrates an example of a second
embodiment of the method according to the invention based
on M images, with M=2, and a number of range-found points
in each image,

FIGS. 6A and 6B schematically illustrate another example
of this second embodiment of the method according to the
invention based on M images, with M=4, and one or more
range-found points in each image, with the step of acquiring
the images and the range-found points (FIG. 6A), and the step
of extracting homologous points in the images (FIG. 6B),

FIGS. 7A and 7B schematically illustrate an example of a
third embodiment of the method according to the invention
based on M images, with M=4, and a single range-found point
at the center of 3 of these images, with the step of acquiring
the images and the range-found points (FIG. 7A), and the step
of extracting homologous points in the images (FIG. 7B),

FIG. 8 schematically represents an exemplary optronics
system according to the invention,

FIG. 9 illustrate a process and a result of densification of
the altitude in triangular form starting from an DTM grid,

FIG. 10 illustrates the influence of a result of densification
of the scene model on an inter-visibility computation.

From one figure to another, the same elements are identi-
fied by the same references.

DETAILED DESCRIPTION

The geo-referencing error of an area is conditioned by the
quality of six external parameters, also called exposure
parameters, indicated in FIG. 2 and which represent:

the absolute position of the detector, obtained by position-

ing means and which, in a local geographic coordinate

system, is characterized by:

its planimetric coordinates x and y, and,

its altimetric coordinate z,

the absolute attitude of the image obtained by inertial

means such as the navigation inertial system (INS)

or/and inertial measurement unit (IMU) and which

makes it possible to characterize:

the direction of the COA defined by its azimuth 1 and its
bearing 0 also quantifying its depression,

a3rd rotation ¢ of the image around the COA also called
swing.
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The position of the detector (or the station camera) is

preferably used in a Cartesian geographic coordinate system:

either a geocentric global system (or ECEF, standing for
Earth Centered Earth Fixed),

or a topocentric local system (or ENU, standing for East
North Up), or in an equivalent way, since it simply swaps
the axes x and y and inverts the axis z, a local geographic
coordinate system also called NED (for North East
Down).

The measurement of this position is acquired on the plat-
form or the sensor if its mounting on the platform per-
mits it (example of terrestrial cameras). To have position
information of good accuracy, it is preferable to use
information generated from a global navigation satellite
system (GNSS) and ideally hybridized with the avail-
able inertial information (such as, for example, the INS
of the platform, the IMU of the sensor). The GNSS
systems envisaged rely in particular these days on the
GPS and its complement EGNOS, Galileo when the
latter becomes available and GLONASS when its reno-
vation is completed.

The 6 exposure parameters (X, Vo> Zos Prps Os Vo) are
determined with a quality that is conditioned by that of the
measuring instruments and of the associated processing units.

The calibration of the parameters internal to the optronics
system (focal and optical distortion of the imaging device,
principal image point, etc.) is assumed to be done elsewhere.
However, the method also makes it possible to estimate these
parameters and more accurately determine, for example, the
particular values that the parameters of an optical distortion
model assume in the operating conditions of the sensor (tem-
perature and mechanical stresses).

The method for geo-referencing an area is performed by
means of an imaging optronics system 100 shown in FIG. 8
which comprises:

a detector 1, such as a camera,

a range finder 2, the COA of which is harmonized on the

optronics channel of the detector,

means 3 for positioning the detector, such as a GNSS
device, or IMU possibly hybridized using an assistance
device such as a GPS, a star sensor, a horizon sensor,
etc.,

inertial means 4 for measuring the attitude of this detector,
such as an inertial unit, etc.,

means 5 for acquiring the coordinates of the image points
corresponding to the range-found points using an appro-
priate technological device (mirror, optical fibers, spe-
cific detector, etc.) and appropriate signal processing,

a processing unit 6 including means for synchronizing the
position and attitude measurements of the image
acquired and the distances, and including the means 5
for extracting and measuring the coordinates of the
image points. The time-stamping reference for the syn-
chronization of the measurements is preferably made on
the information that has the highest rate of image acqui-
sitions or of distance measurements.

Generally, the method comprises the following steps:

acquisition of M successive images, by means of the detec-
tor 1, the area imaged being divided up between these M
images, with Mz1,

measurement by the range finder 2 of P distances d|,
d,, . . . dp between the system and P points of the area
called range-found points, with P=3, these range-found
points being distributed in K of said images with
1=K=M,
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8
acquisition by the positioning means 3 of the positioning
X,s Vs Zme ©F the detector at the times of acquisition of
the M images,

measurement by the inertial means 4 of the attitude ¢,,,, 0,,,,

1, of the detector 1 at the times of acquisition of the M
images,

acquisition by the means 5, in these K images, of the

coordinates of the points called image points (p,, q,),
(P2 9a)s - - - 5 (P qp) corresponding to these P range-
found points,

estimation by the processing unit 6 of the exposure condi-

tion parameters (X,, ¥, Z,, ¢, 0,, J,) corresponding to
the M images, as a function of the measurements allow-
ing for the positioning (X,,, ¥,,,, Z,,,) and of attitudes of the
detector (y,,, 0,,, 9,,), of the P distances and of the
coordinates of the P image points, in order to correct the
errors on the parameters (Xq, Vg, Zg, Yo, 09, §o) 0f the M
images.

Generally, the estimation of the parameters characterizing
the CP of each of the K images is performed using:

positioning and attitude measurements,

distance measurements and,

coordinates of the image points,

a scene model or hypothesis for the ground.

Four uses are described below which use a number of
distance measurements over an imaged area in order to
enhance the knowledge concerning the camera parameters
(CP) describing the exposure station and image attitude, pro-
vided by the measurements, or even to determine these
parameters without angular measurements.

Application (1): enhancement of attitude and height with 3
distances. A contiguous image area is used which has 3 dis-
tance measurements in order to explicitly determine the value
of'the 2 angles (\, and 6,) characterizing the orientation of
the COA (excluding last rotation about the COA (¢,) and the
height z0 of the sensor (see FIG. 2).

Itis important to recall that these 3 parameters comprise the
two parameters for which the measurement errors have the
most critical influence on the geo-referencing of the image in
strongly oblique sight (see FIG. 1). Their determination based
on measurements for which the accuracy and precision are
better than those provided by the angular measurements con-
stitutes a strong point of the method according to the inven-
tion.

This application constitutes both a didactic illustration and
a presentation of a basic concept of the process.

Application (2): densification of the earth’s surface over
the imaged area. A redundancy of the distance and image
measurements in relation to the number of parameters to be
estimated is used. Beyond the 3 minimum distances neces-
sary, each new distance provides a relevant measurement
concerning the distance to the scene at the point targeted and
therefore, for a position of the sensor and an attitude of the
image that are well known, relevant information with a view
to positioning the point targeted on the ground. Determining
the altitude and the position of scattered points densifies the
initial knowledge of the ground model. The process proposes
to take into account all the measurements in full in a joint
estimation of the exposure parameters and of the scene
parameters. However, and notably in order to illuminate the
meaning thereof, it is also possible to use some of the mea-
surements to estimate the CPs and the rest to know the altitude
over the places on the ground that have been the subject of a
measurement.

Application (3): aero-lateration with a set of images and of
distance measurements. Use is made of a set of overlapping
images, observations of homologous primitives between
images, distance measurements on the images, a scene model
and approximate measurements making it possible to initial-
ize the exposure parameters of the images in order to enhance
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the exposure parameters of each image and those describing
the scene model. The application is essentially focused on the
estimation of the external parameters but the internal param-
eters consisting of the focus, the coordinates of the image
principal point (IPP) and the description of the optical distor-
tion can also be estimated in the context of this application.
The redundancy of the distance measurements on the image is
used in order to densify the scene model and, in this way,
enhance the mappings between the corresponding features
(CF) and the positioning of the extractions in the iterations of
the estimation. This application presents the implementation
of the process in the context of an operational application in
its most general dimension.

Application (4): use of landmarks. Atleast 3 distance mea-
surements are used on points of an imaged area that is paired
with a geo-referenced reference image datum in order to
explicitly compute the external exposure parameters and
enhance the knowledge thereof.

The text below gives a few details for the implementation
of these applications.

Application (1): Enhancement of the CPs with 3 Distances

For a perspective exposure, the colinearity equations which
link the image and terrain coordinates make it possible to
write the location function associating a point of the ground
“G” of coordinates (x,,y,,Z;) with an image pixel as:

X —Xo Pr— Po (equation 1)
Y= Yo | =t R0, 60, eo)| @ — 40
2 =20 ~fo

The above expression contains the following:
the focus “f;)” expressed in pixels,
the coordinates (p0, q0) of the image principal point (IPP)
in the image coordinate system (intersection of the opti-
cal axis with the image plane),
the factor , representing the scale factor,
the rotation matrix R describing the attitude of the image
and the elements R;; of which are trigonometric func-
tions of the angles (1,0,¢),
the position of the sensor (corresponding to the image
principal point) in the geographic coordinate system
(x,y,z) denoted (X4, Yo, Zo),
the coordinates of the range-found points (p;, q,) in the
image coordinate system and (Xg, Vs, Zg) in the geo-
graphic coordinate system.
The rotation matrix R characterizing the attitude of the
image is written in its minimal representation as a function of
the 3 Euler angles ({1, 6, ¢):

Riy Riz Ris
R= Rd’/zRQ/sz/z =| Ry Ry Ry
R31 R32 Rz

or, in more developed form:

—SingroCosep + SinyroSingg +
CosproCostl 1y oCoseg o Singy

CosifroSindpSingy  CosiroSinby Cosgg

R=| CosiroCosgpg + —CosifpSingy +
SingoCosfly . . . .
SingroSinfeSingg  SingroSindyCosgg
—Sinfy CosbSingg CosyCosgg

10

The equation (1) is given without distortion on the image.

In practice, this is evaluated by means of'a grid or a parametric

model linking the position of an ideal pixel (without distor-

tion) of image coordinates (p, q) to the position of the real

5 pixel (with distortion) of coordinates (p',q') in the image. The

main effect of the distortion is to introduce a radial deforma-

tion on the perfect pixel coordinates (p,q) by transforming
them into (p',q") according to the following form:

D'=p AL o-p.)
9'=q.+L(r)(g-q.)

N ompPrig-a.7
in which the pixel of coordinates (p,., q..) corresponds to the
center of the distortion, also called principal point of symme-
try (PPS).
The function L(r) is defined for r>0 and L(0)=1 with an
5 approximation by Taylor development to the order N:

N
Ly =1+K(r=1 +2Knr”
n=1

25

By taking into account the fact that the distortion correc-
tions remain small compared to the size of the images, the
above equations are inverted by being written:

30

_ P +Kp.

ko)~ P = K(n(p' - pe)

4+ K.

-k 4 - K - g0

35

Thus, it will be noted that the account taken of the distor-
tion is limited, in this type of modeling, to a wider linear
estimation of parameters. This step therefore represents a
fairly low complexity which will make it possible:

either to envisage the use of values of parameters already

measured in a calibration step on the ground,

or to estimate these parameters, in addition to the external

parameters, within the proposed process, by introduc-
ing, for example to the order 1, an additional modeling
parameter K .

Out of the following 3 observable quantities:

the coordinates z, corresponding to the dimension of the

sensor in the geographic coordinate system,

the rotation ¢ of the image about the exposure axis (also

called swing or derotation),
the rotation 6 of the image relative to the horizontal plane
(defining the inclination in bearing),

the particular aim is to calculate the bearing which repre-
sents the contribution of preponderant sensitivity to the
attitude errors.

For N range-found image points, it is possible to write the
following 2 N relationships based on the location function of
the sensor (equation 1) to write the following relationships:

50

55

60

Rupe + Rage —Ris f

X —Xg= —m ———————
T T Rep+ Rng—Rsf

(% —20)3
65 Roipy + Rpgy — Rz f
Ye—Yo= 55— ©% &~

= (zx —20)
Ryipy + Ragy — R f
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The equation for measuring the distance between the posi-
tion of the sensor and a particular point on the ground is also
expressed as:

dk:v(xk—xo)z"'()’k—YO)2+(Zk—Zo)2+Vk (equation 2)

By replacing the latter in the preceding expressions and by
disregarding the measurement noise v, the following obser-
vation expression is obtained by making use of the properties
of orthogonality of rotation matrix “R”:

(equation 3)

2k —Z0
R3ypr + Rapgy — Rssf = iT\/ pi+ai+f?

We note that the quantities R;,, involve only the angles ¢
and 6 which reflects the non-observability of 1y (angle of
rotation about the vertical axis). In this expression, the sign
depends on the colinearity factor i which can be constructed
as being >0 (by placing the image opposite or in front of the
optical center—negative snapshot). This operation is made
possible by the central symmetry about the IPP by inverting
the 3 axes of coordinates (p, q, ) of the image coordinate
system.

By using m, to designate the quantity which depends only
on the measurements (image coordinates of the point k, dis-
tance to the ground associated with the direction of the point
k and height of the sensor z,) and the information or the
assumption concerning the ground height (z,):

(equation 4)

2k —Z0
= £ NP+ g+ r?

Expressions are obtained for the two angles, when the 3
image points (pk, qk) are not aligned. Without describing the
writing details thereof] the computations make it possible to
express:

the bearing angle according to the form:

_ (m2—m3)(g1 — g2) = (my —m2) (g2 — g43) (equation 5)

sinf, =
(g2 —g3)(p1 — p2) — (g1 — g2)(p2 — p3)

the swing angle according to the form:

(equation 6)

_ mi(p2 = ps) +m3(ps — p1) + m3(p1 — p2)
mi(gsp2 — g2p3) + M3(q1ps — g3 p1) + M3 (g2 p1 — q1p2)

tang,

the dimension of the sensor, by positing:

Az =g — g3) +p2(g3 —q1) + p3(q1 — q2)
Al =g —g3)21 + p2(g3 — g1z + 3(91 — 92)%3
Ao = p1(g2 — @)1 + #2(g3 — 91035 + 31 — 42)33

e
&
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or, a dimension of the sensor satisfying the expression:

[1(g2 — g3) + 12(g5 — q1) + p3(q1 — @)1z — 201 (g2 — g3)z1 +
2(gs — g% + p13(q1 — 2)231%0 + (g2 — g3)37 +

203 = q1)3 + p3(q1 —g2)z5 =0

A £4/ A} - 424,

Ze =
e A,

or even:

(equation 7)

Ze = [ti(g2 —g3) + p2(g3 —q1) +

#3(qr — @)1 (g2 — g3)2 + p2(g3 — g% +

(g3 — g3 — )z —22) +
(g1 — g1 — g3)z2 —23) +
a1 (g2 — g3)g2 — g1z —21)?

H#3(q1 — g2z

It will be noted that the circularity of these expressions as
a function of the measurements (1, 2, 3) reflects the inter-
changeability of the role of the 3 points (P, P,, P;).

Moreover, it will be noted that:

the analytical form and the simplicity of these expressions

are favorable for studying the sensitivity of the values

obtained. It is possible, for example, to use the covari-

ance propagation technique, to study in particular the

impact:

of the error on the parameters (angles and height) as a
function of error on the 3 measurements (p.q), the 3
distances and the position z of the points on the ter-
rain,

of distribution of the measurements in the images or on
the ground (Az,) on the result according to the values
of the CP.

the sensor and ground heights are involved only as differ-

ence which corresponds to the fact that the attitude of the
image is known relatively in relation to the ground,

to have values z of the plane it is possible to use the

approximate attitude information and/or a ground model
(z(x,y)). By obtaining better image attitudes and sensor
heights, the knowledge concerning the ground height
can be enhanced. The process can then be reiterated
starting from better information than that associated
with the initial measurements. This makes it possible
notably to enhance the knowledge as to the height of the
points of the ground by use of the DTM and to linearize
the observation system as close as possible to the true
value in cases where redundant measurements (more
than 3 distances) are processed.

Application (2): Modeling and Densification of the Earth’s
Surface on the Imaged Area

For the processing of the terrain, different uses can be
proposed depending on whether the ground has to be:

used as simple available information; it is in this case

completely known according to the hypothesis or the
available more or less fine model,

densified by the estimation of complementary heights on

the places of the distance measurements, according to a
finer mesh than the original model known a priori,
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refined or estimated as a whole based on the measurements

taken by the sensor.

To use an available model, the proposed approach consists
in modeling the surface of the scene in parametric form and in
using polynomial-based functions to develop it. For this, a
discretization of the area of interest is adopted in the form of
a regular grid. The height information situated on the nodes
(i) of the grid is used to determine the parameters “h,” of a
model of the form:

1.J

2 ) = ) eyl Wy

iJ

(equation 8)

This development of the altitude (or height) uses basic
functions “c;;” in polynomial form to the powers of x and y
according to different representations, such as:

bounded support polynomials of the form:

Ji-

splines leading to the expression, over the area, of the
altitude according to the known values on the nodes of a
regular grid [PxQ] such as:
zxyy=(1y. . .yN’l)UNXPHPxQ Vound1x . . LHT
in which U and V are fixed matrices, of respective dimen-
sions NxP and QxM. The matrix H of dimension (PxQ)
represents the matrix of the coefficients which are estimated.

For N=M=4 and on a support of the normalized grid at [-1,
117, the matrix U=V7 and is written, for example:

X=X X=X

Y-y Y-y ]

cii(x, ¥) = (1 —
iy Yirl,j = Yij Yij = Yi-L,j

Xl = Xjj Xp j = X

0 4 0
-2 0 2
V=35 6 3
-1 2 -1

In practice, one of the preceding two developments can be
used to express z in one and the same form of linear function
of the coefficients h,; which are known according to the infor-
mation available a priori.

To density an existing model, use is made once again of the
preceding modeling (equation 8) and available initial infor-
mation on the terrain. It is proposed to densify the original
spatial information known on the nodes of a regular grid, the
pitch of which corresponds, for example, to an DTM standard
of'level 1 (pitch of approximately 90 meters at the equator).
This DTM makes it possible to initialize triangular cells as
indicated in F1G. 9a. To produce the densification, the altitude
is determined excluding the initial points of the grid based on
the available observations then the surface model is com-
pleted by triangulation as presented in FIG. 94. This figure
illustrates, for example, how the determination of 2 points
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within an initial facet of the grid, on which the altitude varies
over a single plane, leads to its subdivision into 5 facets each
corresponding to a different plane of space.

With a number of distance measurements>3, the comple-
mentary information can be used to densify the scene model
on the points where the distance measurements are per-
formed. Since the projections of the distances to the ground
are not distributed according to a regular grid, the densifica-
tion obtained leads to an enrichment of an DTM in triangular
form without that posing a problem as to its future use (FIG.
9).

To estimate a model, a hypothesis or an existing “rough”
model on the area, or an estimation obtained on the n? itera-
tion, is used as a starting point. A process for estimating or
making consistent all the available information such as that
described in the application 3 is used to find a correction to be
applied to the altitude in the following form:

2 = hon, y) + A2 = ) ox, Yy + Az,

i

in which the hij items are the altitudes determined on the
nodes of the grid in a preceding iteration of the estimation
process.

We note that the observation equation (equation 3) remains
valid if the altitude zk is modeled by a more general form.
Raipi + Roge — Ry f = (equation 9)
1J
Z ¢ j(%, Wi =20

iJ
+

NP+ + S

Thus, the altitude development coefficients can be grouped
together with the rotation elements to resolve the linear sys-
tem:

dy

AX=B+v

in which v is a term of the first order accounting for the
measurement errors.

In the absence of initial altitude information, it is also
possible to estimate a ground model. The simplest consists in
modeling the surface as a medium plane on the scale of the
area covered by the images. The altitude then changes over a
plane of the space as:

z=hooth g+ Y

In this expression, h,, represents the altitude at the origin
whereas h,, and h,, respectively represent the slopes in the
two directions x and y. With this planar model, the following
will, for example, be written:

X =[Rst Rz hoo hiwo hool”

P1— Pk q1 — gk

A=

Prk-1 =Pk qk-1—qx L1/dx —1/dg-1 xg/dg —Xk-1/dk-1

L/dg-1/d xg/dg —x1/dy yeldg —yi/d

Y/ dk = yk-1/dg-1

N _\/p%+q?<+f2

d
B=-z

dg

N _ N

dg-1

dg
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With 6 distance measurements, the quantity X is deter-
mined accurately (to within the measurement noise v), which
gives both:

the information on the CPs as indicated previously, and

the parameters characterizing the earth’s surface by an
approximate plane.

With more measurements, the preceding system is esti-

mated:

either by least squares by processing all the observations,

or iteratively as and when distance observations become
available. This approach makes it possible to refine the
estimation of the parameters of the system over time.

Thus, the proposed process is capable of densifying or
enhancing an initial approximate ground model of the scene
or to construct it ab initio.

The processes of densification or estimation of the model
representing the surface of the ground have various advan-
tages since they notably allow for better performance levels
for:

location based on passive techniques which proceeds by
intersection of the direction of a pixel with the scene
model,

applications relying on the visibility or inter-visibility
(FIG. 10):
either directly from the position of the sensor in a direc-

tion or over a given area on an area profile,
or indirectly between third-party systems which would
use the information generated within the sensor.

Application (3): Aero-Lateration

We propose this name to recall the fact that the proposed
process constitutes an extension of the conventional aero-
triangulation process which proceeds without using the dis-
tance measurement. For this application, it is noted that:

E[X] the expected value of the random variable X,

d(X)=X-X*, in which X* designates the true, or ideal,
value of the quantity X,

Ay the covariance matrix of X.

The quantities A and o represent the a priori covariances on
the parameters.

For this application, there are:

K images for which the aim is to enhance the exposure
parameters ©, (k=1 . . . K). We note that with just the 6
external parameters, the vector @, is written (X, Vs, Zs,
& 0, P,)7. The exposure parameters are initialized, for
each image, with the measured values (X,,, ¥,.s Zns Poms
0,,,1,,) and the associated covariance A,,,. The deviation
or the residue between the initial value of the vector of
the exposure parameters © and its ideal value ®* as well
as its covariance Ag, expressed by the following expres-
sions:

80, 0,~0*

Ag,=E[ ©,0,7]

image points P of coordinates (p,;,q;,) mapping on an
object G, of ground coordinates (x,, y;, Z,) on the image
k, have, according to the location function G charac-
terizing the exposure geometry, a residue and a covari-
ance:

Opy =(XGi =% Y6i =Y ZGi = %)
Xki
Vi [ =GO, puis gii)

i
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-continued
Xki
Apy =E|| v (% Yei Zi)
ki

In the preceding expression, the quantity z,, is evaluated
according to the scene model:

i = Z Comn(Xti> Yii Womn

mn

sensor-terrain distances measured on the point on the
ground G, from the sensor position S, which has the
following residues and covariance:

8=,

Ag=E[e dkidkz‘T]:Od;a-z

dki:v G %) +VoiVia) +eoi-2)”

one-off landmark points A; (see application 4) of geo-
graphic coordinates (X,, y;, 7;), for which, for one of
them, the residue and the covariance are considered:

8,4, =A A"

Ay=E[447)

Having an image and observation set, the exposure param-
eters of the set of images are then obtained by minimizing the
quadratic sum “J” of the different preceding residues, or the
expression:

©=minJ

J=ItJot S

the contribution of the observations is given by:

]} +04, A0k,

the contribution of the exposure parameters is given by:

i K K s ol

_ 4y OP;

Ju = E [E {(5Pik/\,,}k5,€‘_k)+ § [ L
Ty

i=1 | k=1

K
Jo =" do, Agkdb,
k=1

the contribution of the terrain model is given by:

K

1T

Jr = ZZ[AT‘- zZ
i1

Without seeking to resolve the system specifically, since it
depends on the number of images, of link primitives and on
the occurrence of the presence of the primitives over all the
images, the structure of the equations to be resolved leads to
amatrix linear system. The size of the system, which depends
on the number of images, of CF and on the number of dis-
tances, is fairly large but the latter is also very hollow because
the CFs couple only a small number of images. The matrix of
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the system becomes all the more hollow as the number of
appearances of each primitive on more than two images
decreases and the number of images increases.

It will be noted that another possible approach consists in
proceeding in two steps:

1) orienting all the images relative to one another by a
conventional aero-triangulation technique (without tak-
ing into account the distance measurements) to obtain an
image block of consistent geometry. This step refines in
particular the relative orientations between the images
and makes it possible to obtain an image block con-
structed from contiguous images.

2) processing the preceding image block as a single image
according to the application (1) by having at least 3
distances.

Application (4): CP by Landmark Point Range-Finding

This application makes it possible to compute the exposure
parameters by range-finding landmark points and enhancing
the values of the parameters obtained from approximate mea-
surements. The procedure is qualified as an active plotting
procedure. For this application, the optronics system accesses
geographic information enabling it, by appropriate process-
ing, to pair this information which may be reduced to a
minimum of 3 landmark points. It is then possible to estimate
all of the 6 external parameters by range-finding objects of
known coordinates (landmark points).

The approximate measurements of position of the sensor
and of its image attitude make it possible in particular to map
the range-found points in the image to a reference image
datum in order to have coordinates of these terrain points. In
detail, this approach uses the measurements (X,,,, V,us Zops W
0,,, ¢.,), supplying CPs making it possible to geo-reference
the image approximately and to fix the geographic coordi-
nates with the primitives extracted by means of the location
function; of these, the parameter ®,, is initialized according to
the measurements. This geo-referencing of the primitives
makes it possible to pair them by an automatic procedure with
the landmarks of the reference datum and thus to correct the
geographic coordinates which had initially been assigned to
them from the measurements of the CPs. The primitives can
then be considered to be landmarks Gy, for which the coor-
dinates on the ground (x,, y,, Z,) have a quality of the refer-
ence data (class of a few meters), for which the image coor-
dinates (p,, q;) are known according to the processing of the
signal with an extraction quality of the order of a pixel and for
which the distance to the scene (d,) is measured according to
the range finder with a metric quality.

This approach differs from the preceding one by the fact
that there is reference information in the scene (the geo-
graphic coordinates of the points on the ground G,).

For the problem of conventional plotting, which relies in
principle on image coordinates (and therefore directions) and
landmark points to estimate all of the 6 parameters (including
the position of the sensor and the attitude of the image), a
generalization is proposed by adding the distance measure-
ments to the traditional information. This complementary
provision of information presents two advantages:

the possibility of computing the position of the sensor and
the attitude of the image without resolving strongly non-
linear equations as for the conventional plotting process,

the provision of better performance on the estimated CPs.

This active plotting technique proceeds as follows:

the location function (equation 1) written for each land-
mark of the image is used,

this equation (X, Vg, Z) includes the coordinates of the
sensor in a Cartesian coordinate system and (1, 6, ¢p)
are the angles which are initially obtained according to
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the approximate measurements, (p,, qq) are the coordi-
nates of the principal point of image (taken hereinafter at
the image center to simplify the writing of the equations)
and f;, is the focal length of the sensor (in pixel units). It
will be noted that the proportionality factor i, is specific
to each point of the terrain or direction of the image.

1. For each landmark point G, on the ground for which
the coordinates (%, y;, z,) are known and which is
visible in the imaged area, there are: measurements of
image coordinates (p, q;) and of the distance d,, the
colinearity equation presents the unknown |y,

ii. for each image there are 6 beam, or exposure,
unknowns (Xo, Yo» Zos Yo. 0. Po),

iii. In total, for M landmark points there are 3M colin-
earity equations and a number of 6+M unknowns
(beam parameters+M values 1,). With a number of
points M=3 (to ensure 3M=6+M), there is then suffi-
cient information to estimate the exposure param-
eters.

The following computation scheme is then proposed:

i. The position of the sensor is computed according to the
distance measurements on the 3 points according to
(equation 2).

By writing these 3 equations, 2 linear equations are
obtained at x,, y, and z, by difference of two of
them to the third. These make it possible to obtain,
for example, 7, as linear expression of x, and of'y,,.
These expressions transferred to the quadratic
expression give 7, as the solution of an equation of
the second degree and therefore 2 solutions at z for
the position of the sensor. Thus, the two linear
equations make it possible to obtain a position (x,,
y,, Z,) for each of the two values of z, the solution
retained corresponding to that closest to the mea-
surements (X,,,, ¥, Zn)-

ii. The factor i, is then computed for each landmark by
writing the equality of norm between the 2 vectors on
either side of the colinearity equation and, by exploit-
ing the norm properties of the columns and rows of the
vectors of the rotation matrix and the nullity of their
scalar product, the following is obtained:

dy
My =
\/(Pk —pol? + (g — g0’ + fF

k=11,2,3}

iii. The attitude (1, 0., ¢.) of the image is then com-
puted with two possible approaches:

1. either by using the available measurements and the
quantities computed previously. By using the mea-
surements, there is an approximate orientation (1,,,,
0,,, ¢,) available, and the problem is then linear-
ized by writing:

R 0:9)=R($,,,0,,:0,,,)7 (8 ,00,.,00,)

The 3 basic rotations (&), 88,, 0¢,) are, to the same
order, solution of a linear system.

2. or without using the attitude measurements. In this
approach, the 9 parameters of the rotation matrix R
are sought from the 9 relationships supplied by the
3 colinearity equations on the 3 landmarks. The
advantage of this approach is that it resolves a lin-
ear system of 9 equations with 9 unknowns corre-
sponding to the 9 parameters of the rotation matrix.
The angles sought (1}, 8., ¢,) are then obtained, by
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using R, to denote the element of row i and column
j of the matrix R, according to:

W =arctan 2(R 5, R, y)
0 =—arcsin(Rz,)

$=arctan 2(Rs»,R33)

Having a procedure to analytically compute the beam
parameters by means of 3 landmark points, the availabil-
ity of more than 3 points makes it possible to resolve the
direct problem by linearizing the observation equations
around the solution (x_, V., Z,, ., 0., ¢,) obtained in the
preceding step.

Thus, by using reference image data, the proposed method
can enhance and simplify the procedure for estimating the
parameters (xe, ye, ze, e, Oe, ¢e) by automatically pairing
the image acquired with the range-found points with the
reference datum.

For the different applications presented, one major benefit
of the method according to the invention lies in the enhance-
ment of the knowledge concerning the depression 0, and the
flight height z,, which are the 2 parameters that are most
sensitive to the geo-referencing balance sheet as described in
the preamble with relation to FIG. 1.

The swing, or rotation ¢, of the detector about the COA
also offers a benefit since this quantity is not always mea-
sured, nor even specified in terms of performance, according
to the mechanization retained for the orientation of the head
of the optronics sensor.

Another benefit of the approach lies in the consistency of
the information used both on the complementarity of the
nature of the errors (distance accuracy and angular precision)
and on the order of performance close to a meter.

The acquisitions of the positioning and of the attitude mea-
surements are not generally performed at the same times, or
even at the image acquisition times. In this case, a step for
synchronizing these acquisitions of measurements on the
image acquisition times must be provided. These positionings
and attitudes are also synchronized with the distance mea-
surements.

According to a first embodiment of the method, described
in relation to FIGS. 2 and 3, a single image is acquired and P
points are range-found in this image (M=K=1 in the two
figures, P=3 in FIG. 2 and P=5 in FIG. 3). This makes it
possible to perform the geo-referencing of the imaged area
almost instantaneously with the acquisition of an adjustable
number of distances by the range finder.

As illustrated in FIG. 4, to obtain these P distances in one
and the same image, the range finder is, for example,
equipped with means for splitting the beam emitted into P
separate beams, each separate beam targeting a point to be
range-found; in this case, the energy Ep of a separate beam is
less than Et/P, Et being the total energy of the beam before it
is split.

According to one alternative, the range finder is equipped
with rapid beam-deflection means, this deflection being such
that the time to acquire each distance is less than or equal to
the ratio of the time to acquire this image to the number of
range findings P. The most conventional laser beam-deflec-
tion techniques use prisms or rotating mirrors. It is also pos-
sible to use devices with orientable reflection or refraction
elements, with birefringent deflector and with interferences.
More recent techniques use acousto-optical components,
MEMS to diffract the laser beam in different directions. A
fiber optic system may also be used effectively to produce this
function by providing the laser beams on the places that are
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preferred in terms of relative distribution in the image. This
provision may be simultaneous with the different fibers or
sequential so as to supply all the available laser power in each
fiber. Under this principle, each fiber may be duplicated to
analyze the signal on reception. The function may also be
produced with a more dense spatial sampling by directly
using a matrix detector simultaneously performing the imag-
ing function and the range-finding function.

Whatever the approach used, it makes it possible to have a
large number of range findings which enhances performance,
through the redundancy of the distance measurements, and
allows for their consistency checking in order to detect arte-
facts (of multiple-path type).

According to another alternative, the divergence of the
laser of the range finder covers all of the image and the
reception of the range finder is matrix-based.

Generally, the number of points range-found is the same
for each image, but not necessarily.

The more range-found points there are in an image, the
more efficient and robust is the result obtained.

According to a second embodiment of the method,
described in relation to FIGS. 5 and 6, M images are acquired
in succession (with M>1) and P points are range-found in K
images, with 1=<K<M. This in a way is the same as the pre-
ceding embodiment, but extended to M images.

It will be noted that it is possible to form one large image
from M images, but this is not essential in estimating the
parameters X, ¥,, Z,, $,, 0., }_, of each image.

When there is more than one image, it is essential for the
images to overlap at least two by two in order for them to be
able to be mapped together. The overlap may vary within a
wide range from a minimum of the order of 10% to almost
100% (a value of 60% corresponds to the conventional aero-
triangulation conditions for the civilian applications in which
the acquisitions are vertical). Two successive images are
mapped together by using homologous primitives (represent-
ing the same details of the scene) belonging to the overlaps of
the images. These primitives may be represented by points or
segments or, more generally, forms parametrically describing
the contours of the forms corresponding to elements visible in
the scene. These form descriptors are obtained by an auto-
matic processing operation suitable for extracting radiomet-
ric information characteristic of a one-oft geometric form,
linear or even surface-oriented, such as a (one-off) intersec-
tion of a road portion (linear) or the contour of a field (sur-
face). These homologous primitives are independent of the
range-found points.

In FIG. 5, M=K=2 and P=10 with 5 range-found points in
each of the 2 images; there are 3 homologous points in the
area of overlap of the two images.

InFIG. 6 A, M=K=4 and P=18 with 6 range-found points in
each image. We have represented in this figure one and the
same distribution (schematically represented by the dotted
lines) within each image, although this distribution may vary
in each image.

FIG. 6B illustrates the step of extracting homologous
primitives and of mapping together the images, carried out by
the processing unit 6. In the image portion common to images
1 and 2, called area of overlap of the two images, two homolo-
gous points are extracted; 3 homologous points are extracted
in the area of overlap ofthe images 2 and 3, and 2 homologous
points are extracted in the area of overlap of the images 3 and
4.

In some cases, these M successive images are acquired
from a fixed optronics system, that is to say, one whose
position X, Yo, 7, does not change during the acquisitions.
These images are, for example, acquired by detector scanning
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or by rotation of the platform. In this configuration, the geo-
graphic position of the sensor does not vary in the different
acquisitions; its position x,, v,, Z, can therefore be estimated
just once. On the other hand, the attitudes change from one
image to another and the orientations ¢, 0,, 1, will therefore
be estimated M times. Finally, when the system is fixed,
3M+3 external parameters characterizing the CPs are esti-
mated.

The approach based on detector scanning presents the
advantage of having a geo-referenced area of the desired size,
greater than just the instantaneous field of the detector, con-
ditioned by the time to acquire and the scanning speed. This
capability makes it possible notably to perform the acquisi-
tion by prioritizing the use of a small field (NFOV, standing
for Narrow Field Of View) rather than a large field (WFOV
standing for Wide FOV) in order to have a better GSD on the
information generally situated at a great distance. It can be
implemented without any additional hardware cost, on a sys-
tem that already has a range finder and a means for scanning
the COA. This makes it possible to consider the upgrading of
existing sensors.

When, furthermore, a number of distances are plotted on
each of the images, the advantages of the approach based on
scanning are combined with enhanced performance because
of the redundancy of the distance measurements in the pro-
cess of estimating the exposure parameters and the overlap
area.

In other cases, these M successive images are acquired
from an optronics system placed on a moving platform. In this
case, its position changes over time. There will therefore
generally be M estimations of position X, y,, z, and of atti-
tude ¢, 0, },: M positioning and attitude parameters will be
acquired (X,,,, ¥ s Zos Prs Os W) then estimated (X, Y., Z,., §,,
0,,1,), or 6M parameters.

In this case also, the images can be acquired by scanning.

When the platform describes a known trajectory defined by
aparametric model, the number of parameters to be estimated
can be reduced by a modeling of the trajectory including N
parameters.

The trajectory model makes it possible to constrain the
change of position of the sensor (within a range in which the
trend of the parameters is compatible with the kinematic
capabilities of the system) and to have position values outside
of the measurement times by filtering or interpolating the
information. The trajectory model gives the position of the
platform with, for example, the conventional polynomial
expression of the following form in which t, is the origin or
reference time and OM™ is the n-th derivative of the position
at the time t;:

(t-10)"
n!

om=3"

n=0

oM™,

Since the acquisition interval corresponds to a short time
period, a 2nd order development will generally be sufficient
to account for any maneuver of the platform. Otherwise, if a
higher degree time power polynomial has to be used, prefer-
ence will be given to a development of the trajectory in the
form of a spline curve in order to avoid any unrealistic oscil-
lations that might appear with the preceding polynomial
method. To illustrate the reduction of complexity which
results from the modeling, it is sufficient to indicate that a
modeling limited to acceleration comprises 9 parameters to

10

15

20

25

30

35

40

45

50

55

60

65

22

be estimated whereas the number of components of positions
generated in 1 second at an image rate of 50 Hz amounts to
150!

In the polynomial approach, the coefficients of the devel-

opment can be obtained from a measurement of the kinematic
characteristics at the instant t,, whereas, for both approaches,
the coefficients can be estimated from a number of measure-
ments (position, speed) by an adjustment of least squared
type. This procedure is elementary since the model is linear as
a function of the values of the components on the three posi-
tion, speed and acceleration components.
Thus, the establishment of the trajectory model is either based
on a minimum of one set (time, position, speed) or from a
number of sets and from a least squared estimation procedure.
The resulting development makes it possible to determine the
position of the platform (and therefore indirectly of the sen-
sor) at the time of the measurements of the sensor in order to
have synchronous information. If necessary, the same type of
operation can be performed to synchronize the image mea-
surements and range findings.

The trajectory parameters can be estimated in a way that is:

independent of that of the exposure parameters and refined

over time at the rate of arrival of new positions. In this
case, there is a process estimating the trajectory with 3N
parameters and another estimating 3M CP parameters.
The time of acquisition of each of the images is then used
and the corresponding sensor positioning is computed as
a function of the parametric model at these acquisition
times,

dependent on the estimation of the exposure parameters

and in this case the estimated vector contains both the
trajectory and CP parameters, or 3N+3M parameters to
be estimated.
Realistically, the number N of parameters will be equal to 6 or
9 depending on the possible maneuver of the trajectory over
the time window for collection of the measurements.

According to a third embodiment of the method, described
in relation to FIGS. 7A and 7B and which is a particular case
of the preceding embodiment, M images are acquired and P
points are range-found in K images with K=P; there is there-
fore a single range-found point in each of the K images (M=4,
K=P=3 in the figures). Since the range finder is harmonized
with the COA of the detector, these range-found points are
respectively at the center of each of the K images. As can be
seenin FIG. 7B, 2 homologous points are extracted in the area
of overlap between the images 1 and 2, three are extracted in
the area of overlap between the images 2 and 3, and two are
extracted in the area of overlap between the images 3 and 4.
This approach does not require any material change to the
existing equipment or equipment that is now envisaged.

It will also be noted that it is possible to have P>K. Some
images may not have any range-found point, since they have
homologous primitives with other images which themselves
have range-found points.

The method according to the invention is triggered to
acquire the environment of a particular geographic position.
From the measured position of the sensor, an approximate
orientation for the collection is deduced. The computation of
the angular directions to be applied to the COA is then per-
formed to take account of:

the desired surface on the ground,

the characteristics of the detector (field or “FOV™),

the overlap setpoint established between images (from 20

to 100%).

Since the orientation measurements have a better short
term accuracy (between close images), and the number of
images to be produced in azimuth is generally greater than
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that in bearing to acquire an area with similar dimensions, a
greater overlap in bearing than in azimuth will preferably be
chosen and a scanning will be performed first in azimuth then
in bearing. The angular displacement deviation of the line of
sight will then be greater between 2 bearing values than
between 2 azimuth values.

The method according to the invention makes it possible to
better determine the parameters which substantially affect the
geo-referencing performance for strongly oblique exposures
and in particular in aeroterrestrial operations comprising:
tactical airborne missions which necessitate remaining at a

distance from the area of interest for reasons of security,
surveillance missions from terrestrial systems or systems

moving at low altitude.

The invention claimed is:

1. A method for geo-referencing an area by means of an
imaging optronics system which comprises a step of acquir-
ing M successive images of the area by means of a detector,
the area for which the step of acquiring is carried out being
distributed between these M images, with Mz1, the method
further comprising:

measuring P distances d,, d,, . . . , d,, between the system

and P points of the area, called range-found points, with
P=3, these range-found points being distributed in K of
said images with 1=K<M,

acquiring the positioning X,,, V..., Z,, of the detector at the

times of acquisition of the M images,

measuring the attitude (¢,,, 0,,, 1, of the detector at the

times of acquisition of the M images,

acquiring the coordinates in these K images of the points

called image points (p;, 1) (P2s 9a)s - - - s (Pms dp)
corresponding to the P range-found points, and

estimating the parameters of exposure conditions X, y,, Z,,

Y., 0., ¢, corresponding to the M images as a function of
positionings, of attitudes, of distances and of coordi-
nates of the image points, in order to correct the errors on
the parameters X,,,, V,,s Zoms Wi Os §,,, 0f €ach of the M
images,

wherein M=3, and the M images of the area are acquired in

succession, these images presenting areas of overlap two
by two and further comprising extracting homologous

10

15

20

25

30

35

40

24

primitives in the areas of overlap of these M images and
mapping the images two by two on the basis of these
homologous primitives, and

wherein when P=K, the range-found points are respec-
tively at the center of each of the images.

2. The method for geo-referencing an area as claimed in
claim 1, wherein the optronics system is fixed, the parameters
X,, V., Z, are estimated only once.

3. The method for geo-referencing an area as claimed in
claim 1, wherein, the optronics system comprising kinematic
means for measuring the trajectory of the positioning system,
speed, acceleration, and being mobile on this trajectory mod-
eled in parametric form, the positionings x,, y,, 7, are esti-
mated for the positions at the times corresponding to that of
the image acquisitions, range-finding.

4. The method for geo-referencing an area as claimed in
claim 1, wherein, by using reference geo-referenced data,
including automatically pairing the range-found points of the
active image with these reference data.

5. A geo-referencing optronics system which comprises a
detector having a Camera Optical Axis (COA), means for
positioning the detector, means for measuring an attitude of
the detector, a range finder harmonized with the COA of the
detector, means for acquiring image coordinates of the range-
found points, and a processing unit linked to the abovemen-
tioned elements, and configured to implementing the method
as claimed in claim 1.

6. The geo-referencing optronics system which comprises
a detector having a Camera Optical Axis (COA), means for
positioning the detector, means for measuring an attitude of
the detector, a range finder harmonized with the COA of the
detector, means for acquiring image coordinates of the range-
found points, wherein, the range finder emitting a laser beam,
the geo-referencing optronics system is equipped with means
for splitting or deflecting the emitted laser beam, and a pro-
cessing unit is configured to implementing a method as
claimed in claim 1.



